The human brain contains two major cell populations, neurons and glia. While neurons are electrically excitable and capable of discharging short voltage pulses known as action potentials, glial cells are not. However, astrocytes, the prevailing subtype of glia in the cortex, are highly connected and can modulate the excitability of neurons by changing the concentration of potassium ions in the extracellular environment, a process called K + clearance. During the past decade, astrocytes have been the focus of much research, mainly due to their close association with synapses and their modulatory impact on neuronal activity. It has been shown that astrocytes play an essential role in normal brain function including: nitrosative regulation of synaptic release in the neocortex, synaptogenesis, synaptic transmission and plasticity. Here, we discuss the role of astrocytes in network modulation through their K + clearance capabilities, a theory that was first raised 50 years ago by Orkand and Kuffler. We will discuss the functional alterations in astrocytic activity that leads to aberrant modulation of network oscillations and synchronous activity.
Astrocytes are critical regulators of brain circuits
The term Neuroglia (nerve-glue) was first introduced in 1856 by Rudolf Virchow, the father of modern pathology. It was further developed in his book Cellular Pathology (1858) claiming that it was a "cement that binds the nervous elements together", rather than individual neuroglial cells, reviewed by (Kettenmann and Ransom, 2004) , which was in line with the reticular theory claiming that the nervous system is made of a continuous network of nerve processes. It was only a few years later, with the emergence of two pioneering studies, and the neuron doctrine by Ramon y Cajal, that the immense pleomorphism and morphological diversity of glial cells, particularly of astrocytes, was discovered (Cajal, 1897; Navarrete and Araque, 2014) .
For many years glial cells were considered to merely provide trophic and structural support, with no relevant contribution to synaptic activity or cognitive functions (Verkhratsky and Butt, 2013) . However, numerous studies over the past decade have demonstrated that glial cells are active players in signal processing. Among glial cells, astrocytes have been established to be key participants in the modulation of neuronal network activity, mainly through their uptake of GABA and glutamate, as well as their syncytium like behaviour mediated by the activity of gap junctions (GJs) (Araque et al., 1999; Ma et al., 2016) .
In this review we will focus on protoplasmic cortical astrocytes as they form the third part of what has been termed the tripartite synapse, in which a synapse consists of the presynaptic terminal, postsynaptic terminal and an astrocytic process that enwraps both pre-and postsynaptic terminals (Araque et al., 1999) , and therefore plays a role in modulating synaptic transmission and network synchrony through their syncytium activity (Newman and Zahs, 1998; Poskanzer and Yuste, 2011) . Furthermore, as this is the 50th anniversary of the K + spatial buffering hypothesis that emerged from the seminal work of Stephen Kuffler's group Kuffler and Potter, 1964; Orkand et al., 1966) , we will highlight recent advances and ask whether K + buffering is a process that is mainly used by the astrocytic network for ion homeostasis, or it is also being used as a mean of promoting hyperexcitability and thus engaging specific network activity.
Active role of astrocytes in brain function: spatial and functional domains
Ramon y Cajal's original drawings first elucidated the existence of "independent stellate cells" in the cortex, referring to protoplasmic astrocytes with processess showing little overlap (Cajal, 1897) . Advances in imaging techniques allowed the visualization of the astrocytic organization into spatial tessellating domains with little overlapping of processes from other astrocytes across different brain areas, including the hippocampus (Bushong et al., 2002; Ogata and Kosaka, 2002) and the cortex (Halassa et al., 2007; Oberheim et al., 2008 Oberheim et al., , 2006 .
Although the functional consequences of astrocytic overlapping territories still remain unclear, it has been suggested that astrocytic spatial domains endow each astrocyte with its own territory to establish autonomous interactions with cohorts of surrounding synapses (Mitterauer, 2010) (Fig. 1 ). Haydon's group estimated that a single cortical astrocyte enwraps between 4 and 8 neuronal somas and contacts 300-600 neuronal dendrites (Halassa et al., 2007) . Following these observations, they proposed the concept of "functional islands of synapses", in which clusters of synpases confined within the astrocytic domain are modulated by the gliotransmitter environment controlled by that particular astrocyte. Loss of astrocytic spatial domain organization has been associated with gliosis and recurrent excitation in epileptic murine models (Oberheim et al., 2008) , and increase in overlapping astrocytic territories correlated with aging (Grosche et al., 2013) .
Further to their anatomical organization into spatial domains, the membrane of single protoplasmic astrocytes has functional domains (Bushong et al., 2002) . The first functional domain consists of a large portion of the astrocytic membrane that sends multiple processes to enwrap the neuronal presynaptic and postsynaptic terminals, as part of the tripartite synapse (Araque et al., 1999) . Another functional domain forms a neurovascular unit through specialized processes called endfeet, which ensheath blood capillaries and some reach to the pial surface, where they form subpial endfeet (Nagelhus et al., 1999; Simard et al., 2003) , as noted in some of the earliest descriptions by Cajal and Golgi (Navarrete and Araque, 2014) . Astrocytic-mediated neurovascular coupling is crucial for the formation and maintenance of the blood-brain barrier that supplies neurons with essential nutrients and releases the excess of neurotransmitters and toxic molecules into the bloodstream (Abbott et al., 2010) . Recently it has been shown that astrocytes also play a role in waste removal from the CNS as part of the glymphatic system, in which the cerebrospinal fluid (CSF) enters the brain parenchyma to remove interstitial fluid and extracellular solutes (Jessen et al., 2015) . This macroscopic waste clearance system is facilitated by astrocytic aquaporin-4 (AQP-4) water channels, suggesting the flow via influx and efflux routes are supported by astrocytic water transport (Iliff et al., 2012) . The role of AQP-4 in K + clearance has been suggested by the Ottersen group (Nielsen et al., 1997) and we refer the reader to a recent review about the role of AQP-4 in K + homeostasis (Nagelhus and Ottersen, 2013) .
The strategic location and organization of astrocytes in the cortex into specific domains allows them to take part in all aspects of brain physiology, including blood flow regulation (Paulson and Newman, 1987) , synaptic transmission (Buskila and Amitai, 2010) , metabolic regulation (Tsacopoulos and Magistretti, 1996) , maintenance of ion homeostasis (Wallraff et al., 2006) and waste removal (Iliff et al., 2012) . Furthermore, neuronal-astrocytic interactions permit local regulation of neuronal excitability, which is crucial to synchronize local synaptic activity during normal brain development and function . Therefore, disturbances in astrocytic morphology or domain organization likely impact synaptic transmission, which can lead to abberant functionality at the network level (Oberheim et al., 2008) .
Astroglial communication: GJ-mediated networks
Much of our current knowledge about glial physiology is due to the pioneering work of Stephen Kuffler, David Potter, John Nicholls and Richard Orkand, who extensively studied the glial properties in the leech and mudpuppy optic nerve. In 1964, Kuffler and Potter were first to report on "low resistance connections" that form "bridges that connect the glial cells to one another" Kuffler and Potter, 1964) , which was a milestone in recognising that astrocytes function as a syncytium.
Ultrastructural observations with electron microscopy, and later electrophysiological and dye coupling studies, showed that mature protoplasmic astrocytes are electrically coupled through GJs formed by two directly opposing hemichannels that connect the cytoplasm of adjacent cells, forming the bridges formerly reported by Kuffler's group (Axelsen et al., 2013) .
Mammalian GJs are composed of the connexin, innexin and pannexin families of transmembrane proteins. The membrane proteins connexin 30 and 43 (Cx30 and Cx43) are highly expressed in mature protoplasmic astrocytes, and typically assembled in packed hexameric rings or connexons to form the complete channels (Hofer and Dermietzel, 1998) . Previous work on astrocytic coupling failed to differentiate between astrocytic and neuronal GJs, mainly due to lack of selective astrocytic GJ blockers (Wallraff et al., 2006) . However, the advent of more specific mimetic peptides derived from the intracellular (e.g. GAP-19) or extracellular loops (e.g. GAP-26, GAP-27) of Cx43 in astrocytes, together with the development of genetically modified mice and imaging techniques, have allowed researchers to specifically address the role of astrocytic GJs in brain circuits, including the hippocampus (Samoilova et al., 2008; Theis et al., 2003; Wallraff et al., 2006) and the cortex (Abudara et al., 2014; Dermietzel et al., 2000) .
Combination of dye-coupling experiments and immunostaining with sulforhodamine B to stain astrocytes, showed that the expression of Cx43 and Cx30 proteins is enriched in the barrel cortex and that GJ communication is restricted from one barrel to its neighbour, suggesting preferential orientation of coupling between astrocytes that contributes to shaping panglial astrocytic networks (Houades et al., 2008) . Furthermore, using mice with genetically uncoupled astrocytes in the hippocampus, Wallraff and colleagues showed that astrocytic GJs accelerate K + clearance from the extracellular space and limit K + accumulation during synchronized neuronal firing (Wallraff et al., 2006) . Similarly, it has been reported that double knockout (KO) mice for Cx43 and Cx30 had a complete lack of astrocytic GJ coupling (Theis et al., 2003) , altered energy metabolite trafficking (Rouach et al., 2008) and parenchymal vacuolation (Lutz et al., 2009) .
Astrocytic GJs also play a crucial role in extracellular ion (e.g. Na + , K + , Ca 2+ ) homeostasis (Rose and Ransom, 1997) , and strong GJ coupling has been recently shown to provide isopotentiality to the astrocytic network by minimizing the membrane potential depolarization that follows increased levels of K + , thus maintaining the K + inward driving force which is critical for efficient astrocytic control of brain homeostasis (Ma et al., 2016 ).
Astrocytes as network modulators: oscillations and synchrony
The building units of neuronal oscillations are network-driven fluctuations in the neuronal membrane potential known as 'up' or rising states, and 'down' or falling states (Sanchez-Vives and McCormick, 2000) . During 'up states' individual neurons are depolarized for up to hundreds of milliseconds, which may lead to propagating waves of activity spreading throughout the cortex (Cossart et al., 2003) , and likely play a role in the synchronization of distant cortical territories to produce coherent network activity (Fries, 2005) . However, little is known about how these mechanisms interact to mediate transitions between different oscillatory regimes within the cortex.
Several factors have been suggested to affect the neuronal bursting activity underlying the generation of network oscillations, including activation of intrinsic conductances by neuromodulation, influence of dendritic structure, and changes in extracellular ions (Buzsaki, 2006; Buzsáki and Draguhn, 2004) , but it is only in the last decade that astrocytes have been reported to play a role in synchronisation of neuronal activity and network oscillations (Carmignoto and Fellin, 2006; Fellin et al., 2004; Poskanzer and Yuste, 2016) .
Several studies suggested that the glial synchronisation of neural networks can be mediated through gliotransmission. Using calcium imaging with electrophysiological recordings from CA1 pyramidal neurons, two independent groups found that neuronal synchrony in the hippocampus is partially mediated through Ca 2+ -dependent release of glutamate (Angulo et al., 2004; Fellin et al., 2004) , which activate extrasynaptic NMDA receptors. Carmignoto and Fellin have further suggested that astrocytes in the hippocampus may work as "excitatory interneurons" that promote the synchronous activity of a distinct set of neurons (Carmignoto and Fellin, 2006) . However, the fast time scale of neural synchronization (100 ms) casts doubt on the involvement of calcium waves spreading through the glial network (Angulo et al., 2004) .
Glutamate release from astrocytes is mediated through six different processes (Malarkey and Parpura, 2008) , including a non-vesicular mechanism that involves the reverse activation of glutamate transporters and calcium dependent vesicular release through voltage gated calcium channels (VGCC). As glutamate uptake through glutamate transporters is affected by extracellular K + concentration as well as astrocytic depolarization (Szatkowski et al., 1990) , it is plausible that local alterations of K + buffering by astrocytes results in exceptionally high concentrations of [K + ] o and local astrocytic depolarization, leading to inverse glutamate uptake and vesicular glutamate release which then leads to synchronous activity of the nearby neurons (Szatkowski et al., 1990; Yaguchi and Nishizaki, 2010) . In line with this suggestion, in vivo experiments using transgenic mice, in which astrocytic Ca 2+ -dependent vesicular release of glutamate was blocked by tetanus neurotoxin (TeNT), showed a marked reduction in cortical gamma oscillations, while neuronal synaptic activity remained intact (Lee et al., 2014) .
Recently, Sasaki and colleagues showed that neural depolarization is driven by the astrocytic syncytium, rather than activation of sporadic astrocytes (Sasaki et al., 2011) , as only cluster activity of astrocytes in both hippocampus and cortex led to depolarization of the dendrites in their vicinity. Consistent with this idea, Nathalie Rouach's group showed that a syncytium of gap junction-coupled astrocytic networks can modulate synaptic strength and plasticity through facilitation of glutamate and K + removal during synaptic activity (Pannasch et al., 2011) . Furthermore, the astrocytic syncytium promotes bursts of neuronal networks by increasing neuronal release probability and favouring the recruitment of neuronal assemblies (Chever et al., 2016) . Moreover, McCarthy's group demonstrated that K + redistribution through astrocytes enhances GJ conductance, suggesting that K + buffering increases the number of coupled astrocytes within the astrocytic syncytium (Enkvist and McCarthy, 1994) . Consistently, electrophysiological and Ca 2+ imaging experiments in neocortical slices showed that electrical stimulation of a single astrocyte activates other astrocytes of the surrounding local network, and also triggers 'up-state' synchronizations of neighbouring neurons (Poskanzer and Yuste, 2011) . These reports imply that K + redistribution through astrocytes impact the extent of astrocytic syncytium which mediate, in part, neural synchronisation.
Altogether, these studies support that alterations in astrocytic regulatory mechanisms, including K + spatial buffering, could lead to aberrant modulation of both synaptic transmission and network synchronisation, which is also accompanied by impaired behavioral performance (Lee et al., 2014) .
Astrocytic K + modulation of neuronal excitability
Extracellular K + is critical in defining the resting membrane potential of neurons and astrocytes, and is normally maintained at ∼3 mM (Somjen, 1979) . Neuronal activity within the physiological range leads to local increases of less than 1 mM in the extracellular concentration of K + ([K + ] o ) and up to 10-12 mM during excessive activity (seizures) in the cortex, known as the ceiling or plateau level, which influences synaptic transmission and plasticity (Heinemann and Dieter Lux, 1977) . Once the plateau state of [K + ] o accumulation has been reached, no further rise in [K + ] o will occur despite continued electrical stimulation, indicating that during normal brain function, K + is rapidly removed by active transport from the synaptic cleft through K + clearance mechanisms, as originally hypothesized by Leif Hertz (Hertz, 1965) , and further developed by Orkand, Nicholls and Kuffler (Somjen, 2002) , and cell death after prolonged ischemia (Leis et al., 2005) .
Astrocytic K + clearance mechanisms
In his pioneering work, Hertz suggested that reuptake of [K + ] o is mediated through the Na + -K + -ATPase (NKA), as addition of K + doubled the respiration levels in brain slices (Hertz, 1965) . Hertz speculated that neuroglial cells possess a great capacity for ion transport, which is stimulated by an increased concentration of K + . A year later, Orkand, Kuffler and colleagues published their work assessing the membrane properties of glial cells in the optic nerve of the mudpuppy. Consistent with Hertz's hypothesis, their experiments demonstrated that glial cells show high permeability for K + ions and impulses in nerve fibers led to changes in the [K + ] o and caused a slow depolarization of the membrane potential in the surrounding glial cells Orkand et al., 1966) . Two decades later, astrocytes were found to be the key mediators of extracellular K + clearance in the olfactory cortex (Ballanyi et al., 1987) and K + siphoning in the retina (Newman et al., 1984) .
Two mechanisms for K + clearance have been established: net K + uptake and K + spatial buffering, and their role in modulating neuronal excitability has been the focus of extensive research over the past decades (Kofuji and Newman, 2004) .
2.1.1. Net K + uptake: role of NKA pump and NKCC cotransporter
In the cerebral cortex, net K + uptake is primarily mediated by the astrocytic NKA, as shown by early experiments in both cultured astrocytes (Hajek et al., 1996) and in brain slices (Schousboe and Hertz, 1971) . The NKA is a transmembrane enzyme acting as an electrogenic pump that drives out three Na + ions in exchange for two K + ions into the cell, against their concentration gradient, which is essential for maintaining Na + and K + gradients across the neuronal and astrocytic membranes (Crambert and Geering, 2003) . Due to different combinations of ␣ and ␤ subunits isoforms of NKA in neurons and astrocytes, their kinetic characteristics and binding affinity are different, allowing astrocytes to respond faster to the immediate release of K + , reviewed by (Larsen et al., 2016) . Hence, during normal brain activity, the astrocytic NKA temporarily sequesters the residual K + ions (≤10 mM), leading to decreased [K + ] o and neuronal hyperpolarization (Orkand, 1986; Orkand et al., 1966) .
When higher extracellular increases in [K + ] o take place (10-12 mM), the astrocytic NKA is assisted by the Na + -K + -2Cl − cotransporter (NKCC), which utilizes the Na + electrochemical gradient to transfer Cl − , K + and Na + ions along with water influx through the membrane, thereby resulting in overall astrocytic swelling (Walz and Hertz, 1984) . Hence, cellular swelling has been used as a marker of astrocytic net K + uptake.
Recently, Xu and colleagues showed that astrocytic net K + uptake through NKA is abolished after glycogenolysis inhibition, indicating that astrocytic K + uptake pathways may require glycogenolytically provided energy for correct functioning. The authors speculated that such a mechanism would allow astrocytes to start accumulating excess of [K + ] o, as long as glycogen is supplied, and once absent, other processes (e.g. K + spatial buffering) restore the [K + ] o .
K + spatial buffering: role of GJ-coupled networks and K ir channels
The fact that astrocytes are electrically coupled through extensive GJ-mediated networks, together with their high permeability for K + ions, allowed Kuffler and colleagues to postulate a second mechanism for astrocytic K + clearance, which involved transferring K + ions from areas where K + is high to regions with lower [K + ] o without additional energy requirements . They coined the term "Spatial buffering", which has been the focus for many studies since then. According to the spatial buffering hypothesis, during basal conditions ([K + ] o = 3 mM; [K + ] i = 130 mM), the astrocytic resting membrane potential is typically less negative than the equilibrium potential for K + (V k ∼ −95 mV), ranging from −60 mV to −85 mV, which facilitates an outwardly directed driving force for K + (Buskila et al., 2007 (Buskila et al., , 2005 Ma et al., 2014; McKhann et al., 1997; Tong et al., 2014) . Elevated [K + ] o at the synaptic cleft drives V K towards more positive potentials, leading to depolarization of the astrocytic membrane potential (Fig. 2A) . However, K + influx requires the astrocytic membrane potential to be more negative than the V K . To face this challenge during K + spatial buffering, astrocytes use the collective astrocytic membrane of the GJ-coupled network to provide isopotentiality to the astrocytic network, as recently reported by (Ma et al., 2016) . Hence, by minimizing the local membrane potential depolarization that follows increased levels of K + , astrocytes maintain the local K + inward driving force in areas with high K + , and increase K + release in distant regions (Ma et al., 2016) , which is critical for efficient astrocytic control of K + homeostasis as illustrated in Fig. 2B .
The conditions for passive K + influx and efflux were analysed by Gardner-Medwin, who described the spatial buffering as a spacedependent process (Gardner-Medwin, 1983a) . Using the constant field equation to measure V m , and the Nernst potential for K + (V k ) at different areas along the buffering axis, and assuming that extracellular diffusion is augmented by the spatial buffer mechanism, they have built a simple model for transcellular K + flux, which was in agreement with both the time course and the distribution of the , due to strong GJ-coupling which forms isopotentiality, the proximal astrocytic membrane potential depolarisation is attenuated to ∼5 mV and therefore becomes more negative than the VK, which leads to inward current of K + as reported by (Ma et al., 2016) . Eventually, this K + increase flows intracellulary through GJ-connected astrocytes and promotes a distal outward current to the extracellular space, where K + is low (∼3 mM) as shown in the lower inset. Arrows indicate the direction of K + driving force. -Medwin, 1983a; Orkand, 1986 (Ma et al., 2016) . Based on reanalysis of Gardner-Medwin's mathematical model, Chen and Nicholson built a two compartment model to describe the transient profiles of ionic concentrations (Chen and Nicholson, 2000) . Using this simplified linear model, they have shown that the maximal current at the endfoot depends on the distribution and asymmetrical activity of K ir channels along the astrocytic membrane, which occurs when the glial geometric length is equal to the corresponding electrotonic space constant.
In a recent electrodifussive model, which constantly updated the intracellular and extracellular K + concentrations, Halnes and colleagues showed that despite the existence of a small outwardly directed K ir current, the minimization of the membrane potential depolarization that follows increased levels of K + , together with the K + current driven by the astrocytic NKA pump, allow astrocytes to maintain a net local K + inward current and transport it intracellularly until it was released back to the extracellular space in distal areas (Halnes et al., 2013) .
The spatial buffering hypothesis has been supported by many experiments, however, its relative contribution to the overall K + clearance process is still debatable, as reviewed by Macaulay and Zeuthen, 2012.
Role of GJ-coupled networks
Early support for K + spatial buffering in the rat cortex was provided by Gardner-Medwin (Gardner-Medwin, 1983a , 1983b , 1983c who showed that [K + ] o varies with depth and time in a manner consistent with transcellular transfer of K + ions. Further dye-coupling experiments in cultured cortical astrocytes demonstrated that membrane depolarization as a result of increased [K + ] o enhanced GJ conductance, suggesting that K + could facilitate its own buffering by increasing the degree of coupled astrocytes in the network (Enkvist and McCarthy, 1994) . On the other hand, a genetic deletion of astrocytic GJs showed that in the stratum radiatum, GJmediated currents represented only 30% of the overall astrocytic conductance and K + clearance was only slightly reduced (Wallraff et al., 2006) , suggesting only a partial role for GJ-coupled networks during astrocytic K + spatial buffering. They further showed that K + distribution was significantly smaller in the stratum lacunosum moleculare of the transgenic mice, suggesting unequal contribution of GJs to radial transport of [K + ] o within hippocampal layers.
Role of K ir channels
Pharmacological studies suggest an important role for K + inwardly rectifying (K ir ) channels in K + spatial buffering. K ir channels consist of 16 channels divided into seven subfamilies (K ir1.x -K ir7.x ), which share similar membrane topology, and are characterised by an asymmetric conductance that reduces with membrane depolarization, while increases with hyperpolarization (Kubo et al., 1993) .
At potentials above V k , a voltage-dependent block by polyamines (e.g. spermine) or intracellular Mg 2+ plug the channel pore, resulting in decreased outward currents or inward rectification (Lopatin et al., 1995) . As a result, K ir channels show high open probability and large inward K + conductance that contributes to hyperpolarized membrane potentials (negative to V k ) required for K + spatial buffering.
A special case of spatial buffering has been demonstrated in individual retinal Mülller cells, a process termed K + siphoning (Newman et al., 1984) . In a series of studies performed by Eric Newman's group, it was shown that efflux of K + from the endfeet of dissociated salamander Müller cells occurred almost concurrently with K + influx from the distal end of the Müller cell surface and was driven by an electromotive rather than a diffusional force (Newman et al., 1984) . Furthermore, light-evoked changes in [K + ] o lead to K + accumulation in the vitrous humour and did not affect K + increases in the inner plexiform layer (Karwoski et al., 1989) , supporting the hypothesis of K + "siphoning" by Müller cells to the vitreous humor (Newman et al., 1984; Newman, 1987) .
The impact of K ir channels on spatial buffering was also seen in acute slices from the olfactory cortex, where Ballanyi and colleagues showed that the selective K ir channel blocker Barium (Ba 2+ ) inhibits K + influx in astrocytes (Ballanyi et al., 1987) . Furthermore, Kivi and colleagues reported that in human hippocampal slices taken from patients with temporal lobe epilepsy, Ba 2+ augmented the rises in [K + ] o and prolonged the recovery, suggesting a significant contribution of K ir channels to K + spatial buffering (Kivi et al., 2000) .
These early observations prompted other groups to validate the specific role of astrocytic K ir channels, specifically K ir4.1 , which has been postulated to be largely responsible for mediating the astrocytic K + spatial buffering, both in situ and in vivo, reviewed by (Larsen and Macaulay, 2014) . Ba 2+ blockade (100 M) or RNAimediated knock-down of K ir4.1 channels resulted in inhibition of glutamate uptake and impaired transmembrane K + flow in cultured cortical astrocytes (Kucheryavykh et al., 2007) . Further experiments using glial-conditional K ir4.1 KO mice have reported astrocytic membrane depolarization and impaired K + clearance following synaptic activity (Djukic et al., 2007) as well as epileptical activity (Haj-Yasein et al., 2011) . Recently, a tri-compartment computational model assessing K + dynamics between neurons, astrocytes and the extracellular space showed that astrocytic K ir4.1 channels are responsible and sufficient to mediate astrocytic membrane depolarization and K + clearance within 6-9 s following neuronal activity (Sibille et al., 2015) .
Although numerous studies support K ir4.1 channels as fundamental in maintaining K + homeostasis (Haj-Yasein et al., 2011) , their contribution to K + clearance has been questioned, as some reports have failed to observe a significant contribution of K ir4.1 channels to the astrocytic K + clearance in different brain areas, such as the optic nerve (Ransom et al., 2000) and the dentate gyrus (Xiong and Stringer, 2000) . More recent studies have shown that K ir4.1 channels account for approximately 45% of the K + buffering capacity of mature hippocampal astrocytes (Kiyoshi et al., 2015) . These results suggest that the relative importance of K + homeostatic mechanisms differs depending on the brain region and on the K ir4.1 channel expression levels.
Aside from the K ir4.1 channel, astrocytes express other members of the K ir family, namely K ir5.1 and K ir2.1 channels. Although the contribution of the different K ir channels to spatial buffering is not conclusive, their distinct biophysical properties enable them to take part in a diverse range of functions. Electrophysiological recordings showed that K ir2.1 (Kubo et al., 1993) and K ir2.3 (Lagrutta et al., 1996) are more likely to drive K + influx, as they show steep inward current once V m < V k and minimal outward current when V m > V k . Conversely, K ir4.1 channels are weekly rectifying and thus more likely to mediate K + efflux (Lagrutta et al., 1996) . However, K ir channels are often expressed as heteromeric channels with different biophysical properties than the homomeric channels, which adds further complexity (Isomoto et al., 1997) .
Using an immunohistochemical approach, Kofuji and colleagues (Kofuji et al., 2002) showed that in the mouse retina, K ir2.1 channels were located predominantly in the membrane domains facing synapses, while K ir4.1 channels were found to be expressed at high densities in the endfoot membrane. The authors speculated that K ir2.1 channels mediate K + influx, while K ir4.1 channels are mainly responsible for K + efflux in Müller cells. Consistent with Kofuji's model, Butt and Kalsi proposed that K ir4.1/Kir5.1 channels, together with K ir4.1/Kir2.1 channels and homomeric K ir2.1 channels mediate K + uptake close to neuronal synapses, which then travels via GJcoupled networks to distal areas where K + is low, where it is sinked via homomeric K ir4.1 channels (Butt and Kalsi, 2006) .
In cortical astrocytes, heteromeric K ir4.1/5.1 channels and homomeric K ir4.1 channels are expressed in a region-specific fashion. While heteromeric K ir4.1/5.1 channels have been identified in both neocortex and olfactory bulb, homomeric K ir4.1 channels were confined to the hippocampus and thalamus, suggesting region-specific differential contributions to K + spatial buffering during physiological activity (Hibino et al., 2004) .
Impact of astrocytic K + spatial buffering on neuronal oscillations
The strategic location of cortical astrocytes as part of the tripartite synapse allows bidirectional interaction between neurons and astrocytes to efficiently control [K + ] o . This may be viewed as a protective mechanism to prevent toxic accumulation of K + at the synaptic cleft, but also as a means to rapidly modulate neuronal synchronization and network activity, as suggested by (Wang et al., 2012b) . Furthermore, Sylantyev and colleagues showed that local electrical fields generated by synaptic currents flowing through AMPA receptors are voltage dependent, and can tune the excitatory synaptic response by altering the dwell time of charged neurotransmitters such as glutamate (Sylantyev et al., 2008) . Thus, changes of [K + ] o due to alterations in astrocytic K + clearance mechanisms are likely to influence local electrical fields and thus shape synaptic current waveforms, ultimately impacting on the integration and synchronization of the whole network (Amiri and Hosseinmardi, 2013) . Moreover, a recent computational model showed that regulation of local [K + ] o clearance during basal and repetitive firing modulates slow neural oscillations (Sibille et al., 2015) .
We would like to extend this view and suggest that excessive K + accumulation at the synaptic cleft modifies the neuronal membrane potential and therefore alters the neuronal resonance frequency, which has been reported to be dependent on the interplay between K + and Na + currents (Gutfreund et al., 1995) , thereby affecting the transition between dominant subthreshold frequencies and network oscillations. In support of this idea, Segev's group reported that K + current kinetics are sufficient to produce resonance frequency behaviour in neurons (Gutfreund et al., 1995) . Moreover, Amzica and colleagues performed in vivo simultaneous recordings from neurons and glia, together with extracellular K + and Ca 2+ measurements in the cortex to assess the role of K + spatial buffering in modulating neuronal oscillations. Their results demonstrated that astrocytes mediated local K + clearance during the depolarization phase of slow sleep oscillations, whereas K + redistribution was faster and reached further cortical areas during spike-wave seizures, indicating that K + spatial buffering likely mediates synchronization and spreading of paroxysomal oscillations (Amzica et al., 2002) . Furthermore, Ding and colleagues found that [K + ] o is increased during arousal state and reduced during sleep state, while the extracellular volume as well as the Ca 2+ , Mg 2+ and H + concentrations showed the opposite behaviour during sleep-wake cycle in vivo (Ding et al., 2016) . Pannasch and colleagues (Pannasch et al., 2011) demonstrated that GJ-coupled astrocytic networks control synaptic strength and plasticity, as alterations in Cx30 and Cx43 led to increased synaptic activity due to the inability of uncoupled astrocytes to redistribute glutamate and K + during synaptic activity. Consistently, astrocytic GJ's have been proposed to promote coordinated bursts of neuronal networks by favouring the recruitment of neuronal assemblies, which developed into epileptiform events in vivo (Chever et al., 2016) .
Further support comes from computational and mathematical models, which have been developed to assess the impact of astrocytic K + regulation on neuronal excitability in the cortex. Using a model of a neocortical circuit with extracellular K + dynamics, Fröhlich and colleagues showed that alterations in [K + ] o are capable of modulating neuronal activity and mediate slow transitions between tonic and phasic neuronal oscillations (Fröhlich et al., 2006) . They further suggested that the wide dynamic oscillation repertoire of cortical networks is based on multistabilities, which are intrinsic to the network and depend on the effectiveness of K + regulation. These results further indicate that the positive feedback mechanism of the extracellular K + dynamics can stabilize cortical network oscillations (Fröhlich et al., 2010) . Other network models predicted that the transition between stable to perturbed oscillation states within the network is mediated by glial activity, as seizure-like activity was observed when glial cells were unable to maintain extracellular ionic homeostasis (Ullah et al., 2009) .
The regulation of neural oscillations by astrocytes is also supported by a recent computational simulation of cortical networks developed by Kuriu and colleagues (Kuriu et al., 2015) , which showed that astrocytes induced depolarization in neighbouring neurons that lasted for hundreds of milliseconds and led to synchonized 'up states'. This phenomenon was previously reported in neocortical slices (Poskanzer and Yuste, 2011) , in which electrical stimulation of a single astrocyte activated other astrocytes in their vicinity and triggered Ca 2+ -dependent 'up state' synchronizations of neighboring neurons. Using in vivo Ca 2+ imaging, Poskanzer and Yuste recently showed that astrocytic Ca 2+ activity precedes circuit shifts that dominate the slow-oscillation state (Poskanzer and Yuste, 2016) , suggesting a link between astrocytic Ca 2+ oscillations and transient glutamate release. Although the authors did not check K + concentrations, a previous in vivo study reported that Ca 2+ oscillations are correlated to K + spatial buffering activity in astrocytes (Amzica et al., 2002) , thereby implying a role for K + spatial buffering in generating cortical 'up states' in neuronal networks. The exact molecular mechanism that connects Ca 2+ activity with K + spatial buffering remains to be elucidated.
Astrocytic alterations in network disorders
Alterations in normal astrocytic physiology have been associated with several neuropsychiatric, neurodevelopmental, and neurodegenerative diseases (Verkhratsky et al., 2016) . In the present review, we have focused on brain disorders associated with defective astrocytic K + clearance mechanisms (Table 1) , as they likely contribute to modifications of the overall network synchronous activity, and therefore should be considered as future therapeutic targets for restoring compromised neuronal network excitability.
K + clearance perturbations in epilepsy
Epileptic seizures occur when a group of neurons fire in a synchronous and excessive manner (neural hyperexcitability), resulting in burst like activity that spreads across the cortex. As K + currents play an essential role in modulating neuronal activity, it has been suggested that under conditions of enhanced neuronal activity, K + accumulation in the extracellular space results in local neuronal depolarization, which if not removed could trigger the onset of epileptic seizures (David et al., 2009) . Indeed, early experiments by Penfield and colleagues (Penfield, 1927) , found that glial scars are the source of ictal activity that develops after anoxic or traumatic brain injury. Later studies showed alterations in K + buffering in astrocytes from glial scars (Bordey and Sontheimer, 1998; Kivi et al., 2000) , indicating a plausible mechanism involving abnormal K + buffering activity. Consistently, studies have reported altered expression, localization and function of astrocytic K ir4.1 channels in brain tissue from epileptic patients (Bockenhauer et al., 2009; Buono et al., 2004; Heuser et al., 2012; Schroder et al., 2000) Another plausible mechanism for alteration of K + homeostasis is a modification of astrocytic coupling through GJs, which allows redistribution of K + to distant cortical areas. Hence, excessive accumulation of [K + ] o could lead to synchronized neuronal depolarizations mediated by astrocytic GJ-coupled networks in the cortex, which under atypical conditions may contribute to circuit hyperexcitability and epileptic seizures. However, the impact of astrocytic coupling on epileptical activity is still controversial. On one hand, selective blockade of GJ-mediated astrocytic communication using Cx43 mimetic peptides leads to a dose-dependent neuroprotective effect against epileptiform activity, indicating that specific astrocytic GJ blockers could serve as a potential therapeutic treatment for epilepsy (Samoilova et al., 2008; Yoon et al., 2010) . Furthermore, experiments performed in slices from epileptic patients using the selective Cx43 activator GAP-134, which facilitates the opening of astrocytic GJs, demonstrated that increased astrocytic coupling enhanced the frequency of epileptic activity (Gigout et al., 2016) . On the other hand, astrocytic uncoupling likely leads to impairments of K + buffering, and has been proposed to cause seizures and neuronal death in patients with mesial temporal lobe epilepsy with sclerosis, as well as in animal models of epilepsy (Bedner et al., 2015) . This controversy might be due to different phases of the hyperexcitable network. While astrocytic coupling is important to prevent prolonged local depolarization and initiation of ictal activity by buffering the [K + ] o , once epileptic activity has started, astrocytic coupling might serve as a tool to ease the propagation of this synchronous activity.
K + clearance perturbations in other neurological diseases
Loss-of-function mutations in the methyl CpG binding protein 2 (MECP2) gene cause Rett syndrome, which is an autistic spectrum disorder (ASD) characterized by seizures, ataxia and breathing instability, together with learning and motor impairments (Turovsky et al., 2015) . Recent data suggests that MeCP2 protein positively modulates K ir4.1 gene transcription (Olsen et al., 2015) , and mutations in the KCNJ10 gene, encoding for K ir4.1 channels, have been found in both epileptic and ASD patients (Sicca et al., 2011) , implying that dysfunction of astrocytic K + buffering could be a common mechanism contributing to seizures and abnormal synaptic function, as recently suggested by (Guglielmi et al., 2015) .
Other network disorders associated with alterations in K + spatial buffering also involve reactive astrocytes, in which there is a loss of astrocyte polarization, as well as decreased functional expression of astrocytic K ir4.1 channels. Defective extracellular K + clearance mechanisms have also been observed in experimental models of Amyotrophic Lateral Sclerosis (Kaiser et al., 2006 ), Alzheimer's disease (Olabarria et al., 2010; Yang et al., 2011 ), Huntington's Disease (Tong et al., 2014) , Familial hemiplegic migraine type 2 (Capuani et al., 2016), and Hyperammonemia (Thrane et al., 2013) , as summarized in Table 1 .
Conclusions
This year marks the 50th anniversary of the first proclamation of the K + spatial buffering hypothesis by Kuffler and colleagues. Thrane et al. (2013) Although this ingenious hypothesis has been well supported by experimental evidence, including K + accumulation in cortical astrocytes following repetitive neural activity (Ballanyi et al., 1987) and K + siphoning in the retina (Newman et al., 1984) , there are several aspects of this model that remain unclear, mainly regarding the molecular identity of this process (Larsen and Macaulay, 2014) . Direct demonstration of K + spatial buffering in GJ-coupled astrocytes in situ or in vivo is still technically challenging. Recent advances in K + imaging have the potential to provide a detailed description of the spatiotemporal K + distribution (Depauw et al., 2016; Rimmele and Chatton, 2014) , and thus a better understanding of this process. However, the current dyes need to be improved in terms of K + selectivity, affinity constants and kinetics to allow fast and accurate K + imaging over a wide range of concentrations.
Although the molecular identity of this process requires further clarification, the role of astrocytes in the K + clearance process has been shown experimentally many times. The present manuscript provides an overview on the modulatory effects of local cortical astrocytes over individual and networks of neurons, aiming to extend the view that K + buffering not only is required for ion homeostasis, but also can be used by the network as a means to promote hyperexcitability and engage specific network activity (Wang et al., 2012a,b) . It is therefore suggested that astrocytes, in addition to their modulation of neuronal excitability at the synaptic level, are strategically located to act as "synaptic managers" that oversee the overall synaptic activity within their spatial domain, and are capable of regulating [K + ] o levels locally to modulate network oscillations. As such, K + buffering should be viewed as a physiological tool to first impact neuronal excitability within their spatial domain and later mediate the transitions between neuronal oscillations at different frequencies that may spread to other brain areas, leading to synchronization among different neuronal networks.
Since malfunction of astrocytic K + clearance likely contributes to excitation-to-inhibition imbalance and aberrant circuitry connections, a better understanding of the bidirectional communication between neurons and astrocytes, particulary finding molecular agents that impact on the astrocytic K + clearance process, is essential for understanding the way the brain processes and transmits information.
